Abstract: Assessment of hydrodynamic performance of transcatheter aortic valve prostheses (TAVP) in vitro is essentially in the fields of development and approval of novel implants. For the prediction of clinical performance, in vitro testing of TAVP allows for benchmarking of different devices, likewise. In addition to the implant itself, also the testing environment has a crucial influence on leaflet dynamics and quantitative test results like effective orifice area (EOA) or aortic regurgitation.
Introduction
The in vitro investigation of hydrodynamic properties of transcatheter aortic valve prostheses (TAVP) is required to predict expected clinical performance of the implant. In the past, a variety of pulse simulating devices and mock circulation systems have been developed and were described in literature for the measurement of the in vitro performance of artificial surgical as well as transcatheter heart valves [1] [2] [3] . In general, pulse simulating devices, so called pulse duplicators, are hydraulic models of the left human heart and the left circulatory system. Furthermore, these devices are wellestablished testing benches to obtain comprehensive information about the complex hydrodynamic properties of prosthetic heart valves [1] [2] [3] .
However, especially the opening and closing behavior as well as the regurgitation of heart valves are influenced by a complex flow situation inside the aortic root distal the implanted valve. Therefore, it is necessary to design idealized physiological models of the aortic root to obtain reliable data for the in vitro testing of heart valves. Clinical performance of established TAVP increases constantly, leading to an extension of the therapy from high risk to intermediate risk patients [4] . Nevertheless, in particular regurgitation of TAVP remains the major threatening complication [5] and is associated with dramatically increased 1-year mortality [6] .
Within the current study we developed simplified physiological and pathophysiological vessel models of the aortic root as a tool for in vitro hydrodynamic testing of TAVP in idealized and worst case conditions. We used 3D printing and silicone cast molding for manufacturing of aortic root models with a variable degree of stenosis.
Materials and methods

Geometry of physiological and pathophysiological aortic roots
Geometries of physiological as well as pathophysiological aortic roots were adapted from Reul et al. [7] . Reul et al. evaluated 604 datasets of patient specific aortic root geometries and classified different grades of aortic stenosis and insufficiencies. In this work, we designed spline-based 3D models including the parameter sets for the normal aortic root, a mild stenotic and a severe stenotic one, respectively (see Figure 1 ).
Figure 1:
Schematic view of compiled aortic root geometries with different grade of stenosis [7] .
Computer aided design (CAD) (Creo Parametric 3.0, Needham, MA, USA) was used for design of 3D aortic root models. Design parameters are summarized in Table 1 . An annulus diameter of D 0 = 23 mm was chosen. The 3D models of the aortic root were thickened to 3 mm. Tripartite casting molds were designed as negatives of the 3D aortic root models. 
Manufacturing of aortic root vessel models
A commercial fused filament fabrication 3D printer was used to generate the three parts of the casting mold (Ultimaker 2, Ultimaker B.V., Geldermalsen, Netherlands). Polylactide (PLA) and polyvinylalcohol (PVA) filament was used for manufacturing of the outer shells and for the core, respectively. A highly transparent, room temperature curing silicone was used for casting (Sylgard 184 Silicone Elastomer, Dow Corning, Midland, MI, USA). Prior to casting, PLA mold parts were sanded and polished with tetrahydrofuran (Sigma Aldrich, Seelze, Germany) in order to smooth the inner surfaces. The PVA core was burnished with water. After casting, the models were cured for two days at room temperature.
In vitro characterization of hydrodynamic performance of a transcatheter heart valve prototype
In order to investigate the developed aortic root models and to characterize the influence of pathophysiological changes in aortic root geometry on hydrodynamic parameters of TAVP, measurements of effective orifice area (EOA) and regurgitation were performed according to ISO 5840-3:2013. A commercial pulse duplicator system (ViVitro Labs, Inc., Victoria, BC, Canada) was used for characterization of the hydrodynamic performance of a pericardial, nitinolstented heart valve. Testing was conducted at a heart rate of 70 BPM, a mean aortic pressure of 100 ± 2 mmHg, a systolic duration of 35 ± 3% and a cardiac output ranging from 2 l/min to 7 l/min. Physiological 0.9% saline solution and a temperature of 37 ± 2°C were used. According to ISO standards n = 10 cycles were recorded for each measurement. To characterize opening and closing behavior of the TAVP, high-speed videos were performed using a frame rate of 500 fps (CR600x2, Optronis, Kehl, Germany).
Results
3D printing of the mold parts was successful and all three parts were dimensionally stable. The dimensional changes due to sanding and polishing were negligible. The final surfaces of the mold parts appeared smooth. The manufactured silicone models were highly transparent.
A TAVP prototype was successfully implanted into the different models of the aortic root and hydrodynamic performance was tested. Figure 2 shows the opening and closing behavior of the TAVP prototype in the normal, mild stenotic and severe stenotic aortic root model. With increasing grade of stenosis, the outflow tract of the model extends leading to a larger diameter. This extended outflow diameter leads to tensioned leaflets and to a smaller coaptation area of the TAVP in the closed configuration (see Figure 2) . The opening behavior was not affected by the outflow tract diameter.
In general, the regurgitant fraction decreased with increasing cardiac output (see Figure 3) . Only in the normal aortic root a small increase from 3.2 ± 1.2% to 5.2 ± 1.0% was measured (n = 10). Furthermore, the regurgitant fraction increased with grade of stenosis, e.g. from 3.4 ± 1.2% in the normal aortic root to 12.9 ± 0.8% in the mild stenotic root and 16.1 ± 0.9% in the severe stenotic root at a cardiac output of 5 l/min (n = 10), respectively. EOA increased with increasing cardiac output. In fact, EAO doubled from 0.9 cm² at 2 l/min to 1.8 cm² at 7 l/min (see Figure 4) . Moreover, although the outflow tract enlarges with enhancing grade of stenosis, EOA in the different aortic roots is comparable. 
Discussion
In this work we established a process to develop and manufacture different models of the aortic root with physiological and pathophysiological shapes. The resulting silicone models were dimensionally stable and highly transparent. Thus, usage of the models in hydrodynamic tests for the measurement of flow fields distal the aortic valve, e.g. with particle image velocimetry, might be possible. Further experiments regarding the adaption of the refractive indices of the models and the test fluid have to show if surfaces of the mold parts are smooth enough to enable sufficient visibility of the test valve. In addition, ongoing experiments focus on compliance measurement of aortic models. We also characterized the influence of aortic root geometry on the hydrodynamic performance of a TAVP. Although we developed models with increasing grade of stenosis, the diameter of the models enlarged as well. This leads to a contradiction compared to in vivo situation due to the fact that a stenosis is defined as a dramatic decrease of vessel diameter.
As for the aorta, in vivo stenosis is caused by the calcification of the aortic valve and is usually accompanied by an enlargement of the lumen diameter [7] . To display the in vivo situation in a more precise way, aortic root models including the aortic valve need to be developed. To achieve realistic results in calcified aortic roots models, the newly developed valve should also feature properties similar to those of calcified human heart valves which vary widely from the simple and soft valves made from silicone.
In comparison to our experiments, Kuetting et al. characterized the influence of aortic annulus ovality on the hydrodynamic performance of self-expanding transcatheter heart valves [2] . The test setup was quite similar but commercially available heart valves were tested in non-circular annuli. Thus, higher regurgitant fractions were measured in comparison to our experiments. Rahmani et al. developed a model of the aortic root including a valve and tested commercial heart valves in the same test bench as we did [3] . Measured regurgitant fractions and EOA were comparable to our measurements, although absolute values were slightly higher (regurgitant fraction: 23.9% to 33.0%, EOA: 1.7 cm² to 2.1 cm²) depending on prosthesis type and test condition [3] .
Conclusion
Due to the complexity of the vascular system and the irregular shape of different biological structures, conventional manufacturing methods for vascular models like dipping of silicone would result in uneven wall thicknesses, which might influence mechanical behavior of the vessel model within the test bench. Therefore casting is a well-known alternative providing vascular models with smooth shape and constant wall thickness. Hence, this study shows another application for rapid manufacturing in the field of biomedical engineering. In contrast to conventional manufacturing techniques, 3D printing has advantages in terms of efficiency and pricing with regard to manufacturing of complex structures. The opening and closing behavior of heart valves is influenced by a complex flow situation inside the aortic root distal the implanted valve. Therefore, it is necessary to design physiologically relevant models of the aortic root to obtain reliable data of the hydrodynamic properties of TAVP In this work we established a process to develop and manufacture different models of the aortic root with physiological and pathophysiological shapes corresponding to a normal, mild and severe stenotic situation. Manufactured silicone models were dimensionally stable and highly transparent. Testing of a TAVP prototype according to ISO standards was successful. Ongoing studies focus on implementation of aortic valves with calcified properties into the model of the aortic root to reproduce the in vivo situation in a more realistic way.
